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Abstract 
 
We report systematic studies of AC magnetic susceptibility and transport properties of 
Y1-xCaxBa2Cu3Oz bulk samples with 0≤x≤0.4. Single phase materials, reduction of carrier 
concentration and decrease of Tc to 83K were obtained at doping levels up to 20%. For 
Y0.7Ca0.3Ba2Cu3Oz sample the improvement of grains boundary transport and screening 
capabilities has been observed as a result of the optimal ratio between carrier 
concentration and impurity phase BaCuO2 presence. The appearance of bulk pinning and 
nonlinear effects starting at the highest temperature were detected also. 
 PASC: 74.30C; 74.60M 
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Introduction 
 
The solution of the problem of 
critical current limitation in HTSC by 
weak links is crucial for the large-scale 
application of these materials. To 
overcome this restriction in YBCO 
system different methods have been 
proposed. They are connected with 
increasing the number of current carriers 
by hole doping [1-4], improving grain 
alignment [5, 6] and maximization of the 
effective grain-boundary cross-section 
[7]. G. Hammerl et al. offered to use all 
these three methods together when a 
coated YBCO tape was fabricated [8]. 
Substitution of Y3+ ion by Ca2+ 
ion with similar ionic radius but lower 
valence is one of the methods for 
increasing the hole concentration in 
YBCO system. By using Ca- substitution 
in YBCO thin films A. Schmehl et.al. [1] 
obtained the critical current density 
exceeding the highest value (by more 
than a factor of seven) ever reported for 
the no substituted systems. It was 
observed for the grain boundary 
misorientation angle of 24 degrees. The 
grain boundary behavior, which prevents 
high-field applications, is the essence of 
HTS thin-film electronics technologies. 
For successful fabrication of Josephson  
junction with Y1-xCaxBa2Cu3Oz 
interlayer a good understanding of this 
hole doped material is needed also [9]. 
The effect of Ca hole doping is 
experimentally observed as an insulator-
to-metal transition in the system Y1-
xCaxBa2Cu3O6.1 [2, 10]. The hole doping 
increases the total density of states, as it 
has been shown theoretically, moves the 
Fermi energy, EF, inside the valence 
band and raises significantly Tc [11, 12].  
From neutron diffraction 
refinement [13], the occupancy of Ca on 
the Y site was found to be close to 100% 
up to x=0.15-0.18. For higher values of 
x, Ca distributes over Y- and Ba- sites in 
a ratio of 3:1 [12] but as x tends towards 
0.5 the distribution moves towards 1:1, 
prerequisite impurity phase formation 
[14, 15]. 
The previous studies imply that 
the reduction of charge at the Y site due 
to Ca substitution is balanced by oxygen 
loss [15-19] as a result hole 
concentration little exceeds that of non 
substituted compound [3]. The 
corresponding two plateaus in critical 
temperature vs. oxygen content 
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dependence still occur and are shifted 
toward lower oxygen concentration than 
that in pure YBCO system [19]. Finally, 
when the oxygen content decreases the 
value of lattice constant c increases and 
the distance between CuO2 planes 
decreases. This enhances the 
antiferromagnetic correlation between 
Cu-spins in the planes along the c-axis 
and destroys the superconductivity. The 
shorter distance between CuO2 planes - 
the lower Tc is obtained. This tendency is 
kept also in the case of Ca substituted 
YBCO compounds [19]. 
The influence of Ca doping on 
the transport properties of bulk YBCO 
samples is also important and was 
discussed earlier [3, 4, 18]. In this work 
we provide a systematic study of 
magnetic and transport properties of bulk 
Y1-xCaxBa2Cu3Oz (x = 0 - 0.4) samples. 
Although these specimens consist of 
network of randomly oriented grains, it 
is important to emphasize that Ca plays 
much more interesting role than just a 
carrier source. 
 
Experimental 
 
Sample preparation: Y1-xCaxBa2Cu3Oz 
samples were prepared from the high 
purity BaCO3, Y2O3, CuO and CaCO3 
powders. The obtained mixture was 
ground and three times sintered by the 
standard solid state reaction. The first 
sintering was at 900°C in the flowing 
oxygen for 21 hours. After grinding the 
powder was sintered at 930°C for the 
second time at the same atmosphere 
followed by slow cooling and additional 
annealing at 450°C for 2 hours. Tablets 
were pressed, sintered for the third time 
at 950°C for 23 hours and subsequently 
annealed at 450°C for 23 hours. The 
density of monophase Ca substituted 
samples is approximately 82% of the 
theoretical value and for non-substituted 
sample is a little lower, about 80%. 
Sample investigations: Standard X-ray 
powder diffraction analysis with Co(Kα) 
radiation was used for examination of 
material structure. Magnetic AC 
susceptibility was measured with 
commercial MagLab - Oxford 7000 
susceptometer in the AC-fields of 0.1, 1 
and 10 Oe at 1000 Hz. For these 
measurements the samples were cut into 
bars of approximately 2.5x2.5x15 mm3. 
The demagnetization factor N for the all 
samples was estimated roughly to be 
about 0.155 (SI units). 
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Temperature dependence of 
critical current density at zero magnetic 
field was measured in specially designed 
device from 77K up to Tc using four 
probe contact method. The necessary 
temperature was stabilized by scheme 
including PID controller with 10mK 
accuracy [20]. The current in the circuit 
was determined by measuring voltage on 
10Ω standard resistor. The 10 µV/cm 
voltage criterion was used for critical 
current definition. Voltages have been 
measured by digital voltmeters with 
sensitivity 100nV and accuracy 0.5µV. 
The investigated samples have been 
prepared with the minimal cross-section 
0.8 x 2 mm2, in order to avoid heating of 
the samples, and 15 mm length.  
 
Results and Discussion 
 
It was established from the X-ray 
powder diffraction measurements that all 
the prepared samples were 
orthorhombic. The characteristic 
orthorhombic splitting due to the 
reflection from (006), (020), and (200) 
planes is presented in Fig.1 (2θ = 54 ÷58 
degrees). By detailed analysis in the 
range of 2θ = 30÷40 degrees, where the 
main peaks of BaCuO2 phase occur, it 
was shown that detectable amount of this 
impurity phase appeared only in samples 
with x > 0.2. For clear presentation of 
these small peaks in Fig.1, x-axis is 
interrupted and only narrow region of 2θ 
= 32 ÷36 degrees is shown.  
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Fig.1. XRD patterns between 2θ=32-36 and 
54-58 degrees using Coκα radiation for 
investigated samples. The symbol (X) indicates 
main peaks of BaCuO2 phase. 
 
This XRD result was supported 
by scanning electron microscopy study, 
which did not reveal BaCuO2 phase for 
the sample with x=0.2, but BaCuO2 
grains with dimensions comparable to 
the grains of basic YBCO phase (10µm) 
has been found in the sample with x=0.3. 
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This is in agreement with the 
observations of other authors [13]. The 
appearance of BaCuO2 phase indicates 
that Ca starts to substitute not only for Y 
but for Ba also. These substitutions (Ca 
for Y and Ca for Ba) are possible in 
different extent in our samples. In the 
specimens with x≤ 0.2 only Ca for Y 
substitution takes place since BaCuO2 is 
not found. For x> 0.2, due to the 
substitution of Ca for Ba and BaCuO2 
formation, Cu vacancies and vacancies 
on Y position appeared. According to P. 
Starowicz et al. [10] about 8.9% Cu 
atoms are incorporated in BaCuO2 when 
Y0.7Ca0.3Ba2Cu3O6.12 compound is 
synthesed. We suppose that Ca 
substitution for Ba creates defects in the 
unit cell but do not destroy it totally. If it 
is not the case Y and Ca have to be 
indicated in the XRD (especially in the 
sample with x=0.4) but we did not see 
them. With increasing Ca content (for 
x=0.4) the number of Cu vacancies 
become larger than these in the sample 
with x=0.25 as the Ca substitution on Y 
and Ba position is moved from 3:1 
towards 1:1 [14].  
The oxygen concentration was 
experimentally determined by 
spectrophotometric method [21]. The 
reproducibility of oxygen measurements 
was checked for two samples with x=0.1. 
The obtained results for oxygen content, 
z agree within ∆z=0.05. By increasing 
the statistics ∆z can be lowered down to 
0.01. A comparison has been made 
between our data and the results of the 
other authors using similar sintering 
procedure (Fig.2). The largest deviation 
of the data is observed for sample with 
x=0.3 due to the second phase presence. 
For the other x concentration the 
agreement is satisfactory. The 
equilibrium oxygen content z=7-x/2 for 
different Ca concentrations [3] is also 
presented. 
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Fig.2. Oxygen content, z vs. calcium 
concentration, x : ! -our data, " - A. Manthiram 
et al. (Ref. 15), # - C. Greaves et al. (Ref. 16), 
!- A. Manthiram et al. (Ref.17), "- G. Xiao et 
al. (Ref. 18), #- B. Fisher et al. (Ref.23), $- C. 
Legros-Gledel et al. (Ref.2), $- Y. Tokura et al. 
(Ref.22), %- z=7-x/2. 
 
On Fig.3 real parts of the AC 
magnetic susceptibility as a function of 
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temperature are presented for all 
investigated samples, for Ha= 0.1 Oe and 
f = 1000 Hz. From this figure the Tc, onset 
for intra- (Tcinta ) and intergranualar 
(Tcinter) screening can be evaluated for all 
specimens. The Ca free sample Ca0.0 
has the highest oxygen concentration 
6.98 and the narrowest temperature 
transition region for screening (90-91K). 
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Fig.3. The temperature dependences of a real 
part fundamental AC magnetic susceptibility for 
all investigated samples at HAC=0.1 Oe and 
f=1000 Hz.  
 
These parameters are 
characteristic for the material within first 
plateu in the well known dependence of 
Tc vs. oxygen content reported by Cava 
et.al. [24]. With Ca substitution for Y the 
critical temperature of the samples 
decreases. Some authors claim that the 
depression of Tc with x is caused by the 
decrease of oxygen content in the chains 
[19], other regard that trapping of mobile 
holes or some mechanisms connected 
with oxygen vacancies disorder are 
responsible for such behavior [2, 17, 18, 
23]. 
From our investigation it turned 
out that oxygen concentration in samples 
Ca0.1 and Ca0.2 decreases more 
distinctly than resulting from z=7-x/2. 
Every lost oxygen atom lead to reduction 
of hole content with one hole per 
Cu(2)O2 plane, while every Y3+ ion 
substituted by Ca2+ increases carrier 
concentration with ½ hole per plane. In 
fact, additional carriers introduced by Ca 
were compensated by oxygen reduction 
[3, 15, 25]. Tcinta and Tcinter decreased 
with growth of x. 
 In all samples with x>0.2, 
BaCuO2 phase exists due to the Ca 
substitution on Ba place. This results in 
formation of vacancies in Y position and 
Cu vacancies as well. One vacancy on Y 
position decreases the positive charge in 
the unit cell and from the considerations 
of charge balance enlarges the hole 
concentration by 1.5 per plane. The 
effect of Cu vacancies is identical. This 
increase carrier concentration although 
the oxygen decrease and as it is seen 
from Fig.3 samples with x>0.2 posses 
better screening capabilities than those 
with x≤0.2. Also sample Ca0.3 screened 
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the applied field (Hac=0.1 Oe) by only 
intergranular currents. 
Further increasing of Ca 
concentration in sample Ca0.4 caused 
depression of intergranular current due 
to the increase of insulating BaCuO2 
phase distributed between grains. The 
other nondesirable effect is growing the 
number of Cu vacancies, which destroy 
seriously grain structure and together 
with oxygen deficit caused the largest 
intragrain screening down to 50K. 
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Fig.4. The temperature dependences of a real 
part fundamental AC magnetic susceptibility for 
Ca0.3 sample at different HAC amplitudes and 
f=1000 Hz. 
 
On Fig.4 real parts of 
fundamental AC magnetic susceptibility 
as a function of temperature are 
presented for Ca0.3 sample at different 
AC magnetic field amplitudes. For 
HAC=0.1Oe and 1Oe sample is screened 
by intergranular current only. By 
increasing the magnetic field amplitude 
up to 10Oe two temperature ranges with 
intra- and intergranular screening appear. 
In all other substituted samples intra- 
and intergranular screening is observed 
even at HAC=0.1Oe. In specimen Ca0.3 
the higher fields has been screened by 
the higher currents supported by the 
large carrier concentration in this 
sample. 
Fundamental susceptibility 
carries information about shielding and 
energy dissipation, while higher 
harmonics have information about the 
pinning mechanism of vortices. The 
third harmonic let one not only to 
discriminate between the linear and 
nonlinear AC response, but also yields a 
very different polar plot depending on 
the type of screening and proposed 
critical state model [26, 27], which is 
experimentaly observed also [28, 29]. 
On Fig.5 (a, b, c) χ3 vs. T 
dependencies for Ca0.2, Ca0.3 and 
Ca0.35 samples are presented. In Ca0.2 
sample χ’3 and χ”3 signals are essentially 
positive and suggest the absence of bulk 
pinning. Similar dependencies have been 
found for Ca0.1 sample. Absolutely 
different dependences were obtained for 
Ca0.3 and Ca0.35 samples, where both 
signals χ’3 and χ”3 are negative, pointing 
out the existence of good bulk pinning.  
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Fig.5. The temperature dependences of χ’3 and 
χ”3 at HAC=0.1 Oe and f=1000 Hz for a) Ca0.2 b) 
Ca0.3 and c) Ca0.35 samples. 
 
Vacancies on Y position , which 
are point defects generated by chemical 
substitution, can be possible pinning 
centres. The effect of point defects as a 
pinning centers was reported by Harada 
et. al. [30, 31]. Determination of the 
exact nature of pinning centers in these 
samples needs further work. It seems 
that in Ca0.3 sample the best correlation 
is obtained between the carrier 
concentration, pinning centers and 
impurity phase. Further increasing of Ca 
content increases the amount of impurity 
phase and the number of Cu vacancies as 
well, which diminishes the carrier 
concentration and deteriorate 
superconducting current. 
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Fig.6.The temperature dependences ofχ3 for all 
indicated samples at HAC=0.1Oe and f=1000 Hz. 
 
The bulk pinning hysteresis 
losses are proportional to the area of 
hysteresis loop, which in turn is 
proportional to the imaginary part of 
complex permeability (or susceptibility) 
[32]. Thus χ”1 can be used for 
determination of AC losses per cycle, 
per unit volume, while the modulus of 
the third harmonic, χ3detected 
precisely the onset of nonlinear effects 
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[33, 34]. Higher harmonic response is 
useful also for separating and evaluating 
the hysteresis loss due to the flux 
pinning in a superconductor sheated with 
metals [35, 36]. On Fig.6 χ3 vs. 
temperature are presented for all 
samples. In consistency with previous 
results the nonlinearity started at the 
highest temperature in Ca0.3 sample. 
Fig.7 shows the typical field 
dependence of the real part of 
fundamental AC susceptibility at various 
temperatures for the Ca substituted 
samples. The temperatures have been 
choosen to cover the region of 
intergranular transition in all samples.  
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Fig.7. Magnetic field dependences of 
intergranular χ’1 at different temperatures for 
samples a) Ca0.1, b) Ca0.2 and c) Ca0.3 at 
HAC=0.1 Oe; f=1000 Hz. 
 
It is seen from the Fig.6 that the 
intergrain magnetic field penetration 
starts at the highest temperature and 
magnetic field value in Ca0.3 specimen. 
Decreasing of screening effect in this 
sample at T=74.3K may result from two 
different mechanisms. The first one is a 
current supression due to the increasing 
the magnetic field and the second one is 
connected with the thermaly activated 
flux flow (TAFF). At temperatures 
below Tc , as the DC field increases, the 
TAFF induced resistance will increase 
and thus the shielding effect of 
superconductor decreases. This 
mechanism seems to be realistic since 
the non zero χ3signal was found at 
T≈78 K (Fig.6) when only AC field was 
applied. Independently, which of both 
mechanisms is active, the observed 
decrease in χ1’ (H) at the highest T and 
DC magnetic field values for the Ca0.3 
specimen is in agreement with the fact 
that this sample possess the optimal 
carrier concentration and pinning. 
Transport measurements also support 
this finding. On Fig.8 critical current 
density, Jc, as a function of (Tc-T) has 
 9 
been presented for the two samples with 
the highest Jc and Tc values. 
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Fig.8. Jc vs. (Tc-T) for the Ca free sample and 
Ca0.3 speciment. The lines present the best 
linear fit to data. 
 
Other samples have Tcinter  < 77K 
and we are not able to measure them. 
The lines on Fig.8 present the best linear 
fit to the data. It is known that high 
temperature superconducting bulk 
samples may be treated as a system of 
superconductor- insulator- 
superconductor (S-I-S) Josephson 
junctions for which Jc is linear function 
of temperature for T<Tc [37, 38]. In 
agreement with previously presented 
magnetic measurements Ca0.3 sample 
shows higher slop of the plot of Jc vs. 
(Tc-T) than Ca free sample indicating 
higher critical current density at 
temperatures below Tc. 
In conclusion we have 
demonstrated that in YBa2Cu3Oz 
samples intergranular critical current 
may be increased without grain 
alignment or maximization of grain 
boundary area by solely substitution of 
yttrium with calcium. The best result has 
been found for the 30% Ca substituted 
sample, where Ca acts not only as a 
carrier provider but generates vacancies 
on Y and Cu positions. This decreases 
the positive charge in the unit cell and in 
fact raises the carrier concentration. 
The second effect of Ca 
substitution, which has been detected by 
higher harmonics of AC magnetic 
susceptibility measurments, is the 
appearance of bulk pinning in samples 
with x>0.2. It can be related to the point 
defects generated by the substitution. We 
establish that in our investigated sample 
series the optimal ratio between carrier 
concentration, number or strength of 
pinning centers and an impurity phase is 
obtained in Y0.7Ca0.3Ba2Cu3Oz. 
 
Àcknowledgements 
 
Authors are grateful to K. 
Nierzewski for SEM investigations, D. 
Kovacheva, K. Petrov, T. Nedelcheva 
 
Conclusions 
 
 10 
and L. Vladimirova for valuable 
discussions. 
[13] Ch. Neidermayer, C. Bernhard, T. Blasius, 
A. Golnik, A. Moodenbaugh, J. I. Budnick, 
Phys. Rev. Lett. 80 (1998) 3843  
 
[14] R. G. Buckley, D. M. Pooke, J. L. Tallon, 
M. R. Presland, N. E. Flower, M. P. 
Staines, H. L. Johnson, M. Meylan, G. V. 
M. Williams, M. Bowden, Physica C 174 
(1991) 383  
References 
 
[1] A.Schmehl, B. Goetz, R. R. Schulz, C.W. 
Schneider, H. Bielefeldt, H. Hilgenkamp, J. 
Mannhart, Europhys. Lett. 47 (1999) 110  [15] A. Manthiram, S.- J. Lee, J. B. Goodenough, 
J. Solid State Chem. 73 (1988) 278  [2] C. Legros- Gledel, J. F. Marucco, E. Vincent, 
D. Favrot, B. Poumellec, B. Touzelin, M. 
Gupta, H. Alloul, Physica C 175 (1991) 279  
[16] C. Greaves, P. R. Slater,  Supercond. Sci. 
Technol. 2 (1989) 5  
[3] J.T. Kucera, J.C. Bravman, Phys. Rev. B 51 
(1995) 8582  
[17] A. Manthiram, J. B. Goodenough, Physica C 
159 (1989) 760  
[4] K. Guth, H. U. Krebs, H. C. Freyhardt, Ch. 
Jooss, Phys. Rev. B 64 (2001) 140508 
[18] G. Xiao, N. S. Rebello, Physica C 211 
(1993) 433  
[5] S. Jin, T. H. Tiefel, R. C. Sherwood, R. B. 
van Dover, M. E. Davis, G. W. Kammlott, 
and R. A. Fastnacht, Phys. Rev. B 37 
(1988) 7850 
[19] K. Hatada, H. Shimizu, Physica C 304 
(1998) 89  
[20] D. A. Dimitrov, A. L. Zahariev, J. K. 
Georgiev, G. A. Kolev, J. N. Petrinski, Tz. 
Ivanov, Cryogenics 34 (1994) 487 [6] D. Dimos, P. Chaudhari, J. Mannhart, F.K. 
LeGoues, Phys. Rev. Lett., 61 (1988) 219 [21] T. Nedeltcheva, L. Vladimirova, Anal. 
Chem. Acta 437 (2001) 259 [7] J. Mannhart, C.C. Tsuei, Z. Phys. B: 
Condens. Matter 77 (1989) 53 [22] Y. Tokura, J. B. Torrance, T. C. Huang and 
A. I. Nazzal, Phys. Rev. B 38 (1988) 7156 [8] G. Hammerl, A. Herrnberger, A. Schmehl, A. 
Weber, K. Wiedenmann, C. W. Schneider, 
J. Mannhart, Appl. Phys. Lett. 81 (2002) 
3209 
[23] B.Fisher, J. Genossar, C. G. Kuper, L. 
Patlagan, G. M. Reisner and A. Knizhnik, 
Phys. Rev. B 47 (1993) 6054 
[9] L. Antognazza, B.H. Moeckly, T.H. Geballe, 
K. Char, Phys. Rev. B 52 (1995) 4559 
 [24] R. J. Cava, A.W. Hewat, E. A. Hewat, B. 
Batlogg, M. Marezio, K. M. Rabe, J.J. 
Krajewski, W. F. Peck Jr., L.W. Rupp Jr., 
Physica C 165 (1990) 419  
[10] P. Starowicz, J. Sokolowski, M. Balanda, A. 
Szytula, Physica C 363 (2001) 80 
[11] P. P. Singh, Solid State Comm. 124 (2002) 
25 
[25] C. Gledel, J.-F. Marucco, B. Touzelin, 
Physica C 165 (1990) 437 
[12] H. Rosner, A. Kitaigorodsky, W.E. Pickett, 
Phys. Rev. Lett. 88 (2002) 127001 
[26] C. J. van der Beek, M. V. Indenbom, 
G.D’Anna, W. Benoit, Physica C 258 
(1996) 105 
 11 
[33] A. Shaulov, D. Dorman, Appl. Phys. Lett., 
53 (1988) 2680 
[27] M.W. Johnson, D.H. Douglass, M.F. Bocko, 
Phys. Rev. B 44 (1991) 7726 
[34] T. Ishida, R.B. Goldfarb, S. Okayasu, Y. 
Kazumata, J. Franz, T. Arndt and W. 
Schauer, Mater. Sci. Forum 137-139 (1993) 
103  
[28] A. J. Moreno, V. Bekeris, Physica C 329 
(2000) 178 
[29] E. Nazarova, K. Nenkov, Materials for 
Information Technology in the New 
Millennium, Proc. ISCMP (2000) 388 [35] Y. J. Zhang, C. K. Ong, Appl. Phys. Lett., 
79 (2001) 509 [30] T. Harada, K. Yoshida, Physica C 388- 389 
(2003) 729 [36] Y. Yang, T. J. Hughes, C. Beduz, F. 
Darmann, Physica C 310 (1998) 147 [31] T. Harada, K. Yoshida, Physica C 387 
(2003) 411 [37] N. Savvides, Physica C 165 (1990) 371 
[38] E. Nazarova,  A. Zahariev, A. Angelow, K. 
Nenkov, J. Supercond. 13 (2000) 329 
[32] J. R. Clem, in Magnetic Susceptibility of 
Superconductors and Other Spin Systems 
ed. by R. A. Hein, T. L. Francavilla and D. 
H. Liebenberg (Plenum, New York, 1991), 
p.177 
 
 12 
